MVAt has been shown in numerous reports to be an obligatory intermediate in the biosynthesis of the carotenoids (see reviews by Goodwin, 1965; Porter & Anderson, 1967) . It has been shown that MVA is converted into MVA 5-phosphate, MVA 5-pyrophosphate, isopentenyl pyrophosphate and dimethylallyl pyrophosphate. Successive condensation reactions of isopentenyl pyrophosphate with dimethylallyl pyrophosphate, geranyl pyrophosphate and famesyl pyrophosphate yield geranylgeranyl pyrophosphate, which condenses with a similar C20 unit to form phytoene. Phytoene is thought to be the precursor of the more unsaturated carotenoids.
MVA labelled in the 2-position with 14C (Steele & Gurin, 1960; Braithwaite & Goodwin, 1960) and 3H (Williams, Britton & Goodwin, 1967) has been shown to label the carotenes at six in-chain positions and in both gem-dimethyl positions. It was not possible to determine whether the label in the gem-dimethyl groups from [2-3H] Simpson, Nakayama & Chichester (1964a,b) and Scharf & Simpson (1968) .
Cultural conditions. The yeast cultures were grown in a medium containing 5% glucose, 0.5% yeast extract and 0.1% (NH4)2SO4. On occasion 3% agar was added for semi-solid surface growth. When large volumes of cells were needed, the yeast was cultured in a 14-litre-capacity Microferm laboratory fermenter (model MF14; New Brunswick Scientific Co., New Brunswick, N.J., U.S.A.). Ten litres of medium were autoclaved at 120°C for 1 h and inoculated with 100ml of a 3-day-old yeast suspension. The culture medium was agitated by means of a mechanical stirrer maintained at 300 rev./min. The temperature was held at 250C and sterile air (81itres/min) was pumped through the fermenter. Shake cultures were employed when radioactive substrates were part of the culture medium. Portions (50 ml) of media in 250ml Erlenmeyer flasks were incubated on a shaker for 11 days.
Disruption of the yeast cells. Disruption of small quantities of cells (less than 40ml packed volume) was accomplished with the use of a French pressure cell (American Instrument Co., Silver Springs, Md., U.S.A.) in conjunction with a hydraulic press (Simpson et al. 1964a,b; Scharf & Simpson 1968 A slightly different procedure was followed for recovery of both torulene and torularhodin. The extract was chromatographed on the MgO-Hyflo Super-Cel column.
The chromatogram was developed with acetone-light petroleum (1:99, v/v) until the two red bands separated. Torularhodin remained on the top of the column and was eluted from the adsorbent as described above. The torulene band appeared between torularhodin and the yellow carotenoids.
The pigments below the torularhodin band were eluted from the adsorbent with acetone. The light petroleumacetone extract was washed free of acetone before saponification. An equal volume of 10% (w/v) KOH in methanol was added to the light-petroleum extract of the pigments. The mixture was placed on a steam table in the dark for 30min and a stream of N2 gas was blown over the mixture during saponification. Portions of the saponified material were slowly poured into a separating funnel containing light petroleum and a small amount of acetone. Addition of water transferred the pigments to the epiphase, which was then washed several times with water and dried over anhydrous Na2SO4.
The light-petroleum extract was rechromatographed on a MgO-Hyflo Super-Cel column and developed with aoetone-light petroleum (1:99, v/v) . The column was extruded and the torulene band was cut from the column plug. Torulene was eluted from the adsorbent with acetone and transferred to light petroleum with water. The light-petroleum solution containing the pigment was dried overnight over anhydrous Na2SO4 at -10°C.
The pigment extract was centrifuged at -10°C to remove the precipitate of sterols that had formed. The supernatant was transferred to a centrifuge tube and held at -20°C for 2 days, then centrifuged in a clinical centrifuge at -20'C to remove any precipitate of amorphous material that had formed. The supernatant was decanted into a glass centrifuge tube before crystallization.
Crystallization of labelled pigments. Crystalline torulene and torularhodin, previously prepared, were added as seed crystals to the glass centrifuge tubes containing the corresponding pigment in light petroleum. The centrifuge tubes were placed in a freezer at -10°C until crystallization was complete (2-3 weeks). This material was washed repeatedly with warm light petroleum to remove noncrystalline material. The washed crystalline pigments were dried under a stream of N2 gas and used within 1 day for the decarboxylation work or scintillation counting.
IdentiJication of carotenoids by their visible-absorption 8pectra. The pigments were identified by their position on the chromatographic column and by their characteristic absorption spectra (Simpson et al. 1964a Electrolytic decarboxylation. The decarboxylation apparatus, as modified from that described by Cornforth, Gore & Popjik (1957) , consisted of a gas train containing three N2 gas scrubbers (two for C02, one for water), a three-necked 15ml pear-shaped reaction vessel and three gas traps. Two 24-gauge platinum-iridium wires were sealed through a polyethylene stopper. The wires were supported by a glass rod cemented to the stopper with epoxy cement and the electrodes were maintained 3mm apart and projected to the bottom of the reaction cell (Fig. 1) .
The cell was charged with 14C-labelled torularhodin in chloroform (0.2ml). The chloroform was evaporated with a stream of N2 gas. Pyridine (0.1 ml), methanol (0.1 ml) and 1-2mg of cinnamic acid were then added to the cell. The addition of cinnamic acid greatly increased the efficiency of the decarboxylation reaction; it may act as a carrier or as an aid in cross-coupling in the Kolbe reaction. The cell was cooled by immersing it in iced water while a 5mA current was passed through the cell. The reaction was assumed complete when the current dropped to zero (3-5h). The cell was then heated in boiling water for 15min. The C02 gas evolved during electrolysis was swept by N2 gas into a trap immersed in liquid N2. On warming, the gas was transferred from the liquid-N2 trap through a gas trap containing 15ml of 1.5M-H2804 and then to a glass scintillation-counting vial. The counting vial contained 5ml of a solution made up of 27% methanol, 27% phenethylamine and 46% toluene.
Radioactive mouitoring of effluent gases during decarboxylation and transfer to the C02 absorbent indicated that no labelled gases were lost from the system.
Preparation of samples for liquid 8cintiUation counting and mea8urement of radioactivity. The crystalline torulene and torularhodin samples were transferred from the glass centrifuge tubes in which they had been crystallized to glass counting vials. Toluene (8ml) was added to the glass counting vial and the pigment was bleached overnight with a sunlamp. Then 8ml of phosphors [0.5g of 2,5-diphenyloxazole (PPO) and 10mg of 1,4-bis-(4-methyl-5.phenyloxazol-2-yl)benzene (dimethyl-POPOP) in 50ml of toluene] was added to the bleached samples for scintillation counting.
To the counting vial containing the radioactive C02 was added 1 ml of phosphor solution [4.Og of 2,5-diphenyloxazole and 80mg of 1,4-bis-(4-methyl-5-phenyloxazol-2-yl)benzene in 50ml of toluene] and 10ml of toluene. The final volume of all samples was 16ml.
On occasion, labelled pigments in a solvent were transferred to counting vials. The solvent was evaporated under a stream of N2 gas and then treated in the same manner as crystalline samples.
Measurements of radioactivity were made with a Nuclear-Chicago Mark I liquid-scintillation spectrometer incorporating a 133Ba rod as an external source of radiation. An external standard counting procedure was 
RESULTS
It is known that [2-14C]MVA contributes carbon to the end methyl groups of f-carotene and to six other positions in the molecule (Fig. 2) . In the formation of torularhodin one or either end methyl group may be utilized in the formation of the carboxyl group. If the enzymes responsible for the conversion show stereospecificity, decarboxylation of 14C-labelled torularhodin should yield an amount of radioactivity equal to 1/8 (12.5%) or none of the total radioactivity in the molecule. Alternatively, if the enzyme does not act in a stereospecific manner, or if randomization occurs in the isomerization of isopentenyl pyrophosphate to dimethylallyl pyrophosphate, 1/16 (6.25%) of the total radioactivity should be found in the CO2 fraction.
An oxygen-flask method was initially employed to determine the total radioactivity of the sample (Oliverio, Denham & Davidson, 1962) . Samples of [7_14C]benzoic acid were found to give 6282 d.p.m./ mg on combustion, whereas samples, the radioactivity of which was counted directly, yielded 6311 d.p.m./mg. Because of the similarity of results, the direct counting of the radioactivity of samples was used as the method of determining total radioactivity of radioactive samples.
An electrelytic-decarboxylation apparatus ( Fig.  1) that the label is lost on decarboxylation. The evidence from studies with double-labelled substrates also supports the stereospecific conversion of torulene into torularhodin. For the conversion to be stereospecific, the 3H/14C ratio should be 11:8 or 9: 8. A 9: 8 ratio would be required for agreement with the decarboxylation studies. A 9.44: 8 ratio was obtained.
These results require that all previous reactions involving these atoms be free from randomization. One possible point of randomization could occur in the isomerization of isopentenyl pyrophosphate to dimethylallyl pyrophosphate. Lynen, Agronoff, Eggerer, Henning & Moslein (1959) showed that the isomerase catalysing the reaction contains an active thiol group. Lynen et al. (1959) proposed the mechanism shown in Scheme 1.
A second mechanism proposed by Popjdk & Cornforth (1960) and extended by Shah, Cleland & Porter (1965) suggests the formation of a free carbonium ion intermediate in the isomerization reaction. Tritiated water was used by Shah et al. (1965) in an attempt to establish the mechanism of the reaction. It was found that the addition and removal of a proton at C-2 of isopentenyl pyrophosphate and dimethylallyl pyrophosphate is stereospecific. These authors favoured a nonconcerted mechanism for the reaction (Scheme 2). Shah et at. (1965) further state that 'In this mechanism, the methylene carbon atom of isopentenyl pyrophosphate is first protonated, resulting in the formation of a carbonium ion. This ion is then neutralized, possibly by covalent bond formation with sulfhydryl group of the protein'. They indicated that the step involving stabilization of the carbonium ion occurs very rapidly and that only those hydrogen atoms on the methylene carbon are exchangeable.
It is equally probable that the reaction involving the proposed carbonium ion could not proceed at a rate that would prevent randomization. Our
